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Abstract – In this paper, a compact dual-band multiple-
input multiple-output (MIMO) diversity antenna is pro-
posed. Each of the two MIMO antennas consists of
two folded strips working as radiating elements that
are fed by a microstrip line. The antennas operate in
three WLAN bands: ISM 2.45 GHz, 5.25 GHz, and
ISM 5.775 GHz. To improve the isolation at WLAN
(2.4–2.48 GHz), two L-shaped slots are etched in the
ground plane while a U-shaped slot is cut in the ground
plane to enhance isolation at WLAN (5.15–5.35 GHz
and 5.725–5.825 GHz). Three slots on the substrate
between radiating patches are also employed for an
extra reduction in the mutual coupling at 2.45 GHz.
The antenna performance was examined by simulation
employing CST Microwave Studio Software. The pro-
posed antenna offers minimum isolation of more than
19.5 dB, a low envelope correlation coefficient (ECC) of
less than 0.0016, and good radiation efficiency (∼80%)
through the operating frequency bands. The antenna is
compact, thin, and suitable for portable devices.

Index Terms – dual-band antennas, folded monopoles,
L-slots, mutual coupling, U-slot.

I. INTRODUCTION
The use of high-bit-rate wireless communication

systems is rapidly increasing. To increase channel capac-
ity and reduce multipath fading effects, multiple-input-
multiple-output (MIMO) systems are desirable. The
MIMO antenna array requires a compact structure, high
isolation between the signal ports, low envelope corre-
lation, and high radiation efficiency [1]. The mutual
coupling and antenna size are the major challenges for
MIMO antenna design. As the mutual coupling and cor-
relation between the elements increase, the performance
of the MIMO antenna systems degrades [2]. Various
techniques have been recommended by the researchers

to reduce the mutual coupling between antenna ele-
ments. Threefold fork-shaped stubs are employed for
mutual coupling reduction in MIMO antenna applica-
tions [3]. A coupled strip resonator is loaded at the
top hybrid two-antenna system for isolation enhance-
ment was demonstrated in [4], while a fractal-shaped
EBG and a mushroom-shaped electromagnetic bandgap
(EBG) have been explored in [5] to improve the isola-
tion between the elements in 2×2 MIMO antenna sys-
tem. A line slot DGS (Defective Ground Structure)
was used to reduce the mutual coupling between the
antenna elements [6]. A dumbbell-shaped parasitic ele-
ment is inserted between the circular patches to sup-
press the unavoidable mutual coupling [7]. A parasitic
element was implanted between two band antennas to
improve port-to-port isolation in the 2.4–2.5 GHz and
5.15–5.825 GHz WLAN bands [8]. The use of parasitic
elements and defected ground structure was presented in
[9]. A slot splitting the meandered lines defected ground
was developed in [10] to reduce the mutual coupling
between two microstrip antennas. The proposed struc-
ture was improved and expounded by the common and
differential mode theory. A rectangular parasitic ele-
ment with ten square slots was proposed to minimize
the mutual coupling to about –25 dB at 2.4 GHz in
[11]. A dual-band coupled resonator structure was sug-
gested to decouple a pair of dual-band closely spaced
MIMO monopole antennas employed for the WLAN
2.45/5.25 GHz bands. The edge-to-edge distance is set
to be 9 mm and is 0.0735λo at 2.45 GHz and 0.1575λo
at 5.25 GHz [12]. A slotted complementary split-ring
resonator (CSRR) was inserted on the ground plane
to enhance the isolation for WLAN applications [13].
A modified U-shaped resonator as decoupling structure
between the two MIMO elements to reduce the unde-
sired coupling was presented in [14]. The MIMO ele-
ments were kept at a distance of λ0/10 (edge to edge)
and a coupling suppression of 14 dB was achieved.
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Four monopole antenna elements were placed orthogo-
nally at the corners of the substrate in [15]. A decou-
pling structure composed of a circular patch and four
L-shaped branches placed counterclockwise is printed
on the upper surface of the substrate to reduce coupling
between antenna elements. A two-port dual-band char-
acteristics MIMO antenna was reported in [16]. Each
radiator of the MIMO configuration consists of a dome-
shaped monopole antenna element. A T-shaped stub is
placed between the two radiators to achieve high isola-
tion. In [17], the decoupling element for enhancing the
port isolation is based on the neutralization line, where
two series lumped capacitors are inserted in the structure
to enhance the isolation between the two strongly cou-
pled antennas. An open stub meandered (OSM) band
stop filter (BSF) design for MIMO applications has been
implemented in [18]. This technique demonstrated high
isolation of 60 dB at 2.4 GHz across the 30% band-
width and ECC of 0.0093 at 2.42 GHz, while main-
taining edge-to-edge spacing as 0.19λo. The method of
the parasitic structure to improve antenna isolation has
been studied in [19]. Two-port MIMO antennas were
designed in [20] for the sub-6 GHz 5G band covering
the 3.3–5 GHz frequency range. A connected meander
ground slot was introduced as a decoupling structure. A
technique to reduce mutual coupling between two anten-
nas for WLAN and WIMAX applications with fractional
wavelength spacing has been proposed in [21]. An S-
shaped slot is inserted into the feed line of each antenna,
and it is tuned to resonate at the same frequency as the
other antenna. Despite the tiny antenna spacing of 9 mm
(0.0735 wavelengths at 2.45 GHz frequency), the slots
were able to reduce the coupling sufficiently. In [22], two
interlaced U-shaped slots are etching in the feed line of
each antenna to reduce the effect of mutual coupling. A
simple microstrip C-shaped resonator between the radi-
ating patches and an inverted C-shaped slot DGS on the
ground plane have been proposed in [23] to increase the
isolation between two microstrip patch antennas oper-
ating at dual-frequency. In [24], a multi-layered elec-
tromagnetic bandgap (ML-EBG) structure was incorpo-
rated into two MIMO antenna array elements to confirm
its usefulness in surface wave suppression, and enhance
the isolation. Three EBG layers were stacked on top of
the antenna layer resulting in a 9.6 mm thick antenna,
and three stacks were placed between the two microstrip
patch antennas.

In this paper, a compact two-element MIMO
antenna for WLAN applications at 2.45, 5.25, and 5.775
GHz is proposed. Each of the two MIMO antennas con-
sists of two folded strips working as radiating elements.
The overall volume of the MIMO antenna is equal to
0.33λo×0.2λo×0.012λo and the edge-to-edge distance is
0.055λo, where λo is the free space wavelength at 2.45

GHz. The proposed MIMO antenna has isolation greater
than 20 dB in the two operating frequency bands and a
peak gain of 1.99 dBi for the first band and 3.49 dBi for
the second band. The envelope correlation coefficient
(ECC) is less than 0.0016.

II. DESIGN OF THE TWO-ELEMENT MIMO
ANTENNA

A compact two-element MIMO folded antenna is
designed on an FR4 substrate of dielectric constant 4.3
and loss tangent 0.02 as shown in Figure 1 and the
parameters of the proposed antenna are shown in Table1.
The overall dimensions of the MIMO antenna are 41 mm
× 25.5 mm ×1.5 mm. The design steps are explained in
the following sections.

A. Single-element folded strip antenna.
The basic radiating part of the antenna is a monopole

formed of two conducting strips for the two desired
bands. To achieve a miniaturized design, the radiat-
ing strips were folded. Figure 2 shows a single-element
folded strip antenna (SEFSA) which is used in the pro-
posed MIMO system. The overall size of the antenna is
24 mm ×18 mm. The upper strip of the antenna is used
to excite a resonance at the first operating frequency (f r1
= 2.45 GHz) band while the lower strip is used to excite
the second resonance frequency (f r2 = 5.25GHz) band.
The effective relative permittivity εe and effective wave-
length λe were calculated using the following relations

εe = (1+εr)/2, (1)
λe = C/

√
εe. (2)

where εr is the relative permittivity of the used substrate.
The total average length of the upper strip (Ls1 + Lp) was
set to be λe/2 and optimized to 37.77 mm ∼= λe/2 (where
λe is the effective wavelength at 2.45 GHz). The total
average length of the lower strip (Ls2 + Lp) was set to be

Fig. 1. Configuration of the proposed MIMO antenna.
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Table 1: Dimensions of the proposed MIMO antenna (in
millimeters)

Parameters Values
Length (l) Width (w) Length (l) Width (w)

l1 w1 3.7 0.95
l2 w2 3.3 1.3
l3 w3 14.25 1.7
l4 w4 3.3 9.7
l5 w5 7.85 0.7
l6 w6 3.2 0.5
l7 ws 3.3 3.2
l8 w 2.3 41
l9 d 13.2 6.8
l10 5.8
l11 9
l12 4.48
l13 14.8
ls 2
l 25.5
lg 15
lf 3.2

Fig. 2. Geometry of the dual-band antenna element.

λe/2 and optimized to 15.63 mm = 0.45λe at 5.25 GHz.
The feed line position is adjusted carefully to obtain the
required dual-band property. The antenna performance
was examined and optimized by extensive simulations
employing the CST Microwave Studio Software. The
Transient Solver was used. The reflection coefficient plot
in Figure 3 shows two operating bands within S11< –
10 dB limit. These bands have bandwidths of 120 MHz
(2.39–2.51 GHz) and 2.05 GHz (4.13–6.18 GHz), which
cover all the 2.4/5.25/5.775 GHz WLAN bands. In the
upper frequency band, the resonance frequency is deter-
mined by a combination of two factors. The first is the

Fig. 3. Variation of the antenna reflection coefficient with
frequency for the proposed antenna element SEFSA.

Fig. 4. Simulated surface current distributions at; (a)
2.45 GHz, (b) 5.25 GHz, and (c) 5.775 GHz.

second resonant frequency due to the lower strip while
the other frequency corresponds to the higher mode of
the upper strip.

The surface current distributions in Figure 4 show
that the folded strip antenna is resonating at 2.45 GHz
and 5.25 GHz frequencies. The upper (long) strip has
a higher current density at the lower band (2.45 GHz),
while the lower (short) strip carries a high current density
at the upper band. The radiation patterns of the SEFSA
antenna are displayed in Figure 5 which shows that the
radiation pattern in the XZ-plane is omnidirectional and
in the YZ-plane is bidirectional. Moreover, the radiation
patterns are stable for the three desired frequencies.

B. Two-element MIMO antenna
Using the above SEFSA as a reference unit, the two-

element MIMO antenna is designed. At first (step 1),
two SEFSA antennas are located in adjacent face to face
positions with edge to edge distance of 6.8 mm as shown
in Figure 6 (a). The overall size of antenna1 in step 1 is
39 mm × 24.5 mm.

The surface current distribution in Figure 7 (a) and
the S-parameters plot in Figure 8 (a) show that this
antenna has a high mutual coupling of –4 dB for the first
band and –10 dB for the second band. In order to reduce
the mutual coupling at the first band, two L-shaped slots
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Fig. 5. Simulated radiation patterns of the SEFSA at the
frequency of 2.45 GHz, 5.25 GHz, and 5.775 GHz for
the; (a) XZ plane, (b) YZ plane, and (c) XY plane.

were cut in the ground plane. These L- shaped slots
introduce a high impedance region between the feeding
lines of the two antennas and enhance the isolation. The
length of each slot is set at λe/4 at the frequency of 2.45
GHz that is desired to have higher isolation. Thus, the

Fig. 6. Evolution of the proposed MIMO antenna; (A) Antenna1, (B) Antenna2, and (C) Antenna3.

length of the slot L can be calculated using the following
relations [25], and found to be 17.9 mm.

L =
C

4fcenter.
√
εe
, (3)

εe=
εr+1

2
+
εr−1

2

(
1+

12h
w3

)− 1
2
. (4)

To increase the isolation at the frequency of 5.25
GHz a U-shaped slot in the middle of the ground plane
was introduced. The U-shaped slot changes the current
distribution on the ground plane resulting in higher iso-
lation between the two antennas at 5.25 GHz (Fig. 6 (b)).
The length of the U-shaped slot was calculated using eqn
(4) and eqn (5), and found to be 16.1 mm. Thus, the
MIMO antenna2 is obtained in step 2

L =
C

2fcenter
√
εe
. (5)

The surface current distribution in Figure 7 (b)
proves that the mutual coupling due to the surface
current propagation and near-field coupling between the
antenna elements has been reduced. The S-parameters
plot of the proposed MIMO antenna2 in Figure 8 (b)
shows that good impedance matching is obtained in
the two frequency bands and isolation greater than 19
dB between elements is obtained in the two operating
frequency bands. At the 2.45 GHz frequency, the
mutual coupling decreased from –4 dB to –24.26
dB, while at the 5.25 GHz band the mutual coupling
decreased from –10 dB to –60.37 dB, but at 5.775
GHz it drops from –14.5 dB to –19.9 dB. To obtain a
further reduction in the mutual coupling at 2.45 GHz,
three slots between the two patches were inserted in
the substrate. The length of each slot is equal to 14.8
mm, which is approximately about λ0/4 at 2.45 GHz
isolated frequency, thus the proposed MIMO antenna-3
is obtained in step3. Figure 8 (c) displays the simulated
S-parameters for double-antenna3. The minimum
mutual couplings are –47.8 dB, –61 dB, at 2.47 GHz
and 5.2 GHz, respectively. Better isolation has been
obtained at the lower band in this case as compared
with the previous case. It is 36.86 dB at 2.45 GHz,
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Fig. 7. The surface current distributions at 2.45, 5.25, and 5.775 GHz when port 1 is excited and port 2 is terminated
to 50Ω load. (a) Antenna1, (b) Antenna2, and (c) Antenna3.

which represents a 12.6 dB enhancement over the perfor-
mance of antenna2.

The simulated radiation pattern of the proposed
antenna is shown in Figure 9. Due to the symmetrical
structure, the radiation pattern is obtained by exciting
one antenna element with the other terminated to a 50
Ω matched load. The results show similar performance
at the three bands. Figure 10 shows the simulated effi-
ciency and gain. In the lower band, the minimum effi-
ciency is 81.1% and the minimum gain is 1.84 dBi. In
the upper band, the minimum efficiency is 72.3% and
the minimum gain is 3.14 dBi.

III. DIVERSITY PERFORMANCE
The performance of the proposed antenna3 was fur-

ther evaluated by studying the following figure of merits.
In each case the antenna performance results were taken
from the CST software and applied to codes written in
MATLAB to determine, Envelope Correlation Coeffi-
cient, Mean Effective Gain, and Total Active Reflection
Coefficient, as shown in the next subsections:

A. ECC (Envelope Correlation Coefficient).
For MIMO systems, ECC is an important figure

of merit in characterizing the mutual coupling effect
between the antenna elements. The value of ECC was
calculated from the obtained S-parameters using the fol-
lowing relation:

ECC =
|S∗11S12+S∗21S22|2[

1−
(
|S11|2+|S21|2

)][
1−
(
|S22|2+|S12|2

)] .
(6)

The ECC must be below 0.5 for good diversity per-
formance [26].

Figure 11 shows the obtained values of ECC. It can
be seen that the ECC is less than 0.0043 for the first
band (2.4–2.48) GHz, less than 0.00037 for the sec-
ond band (5.15–5.35) GHz, and less than 0.0023 for the
third band (5.725–5.825) GHz. Considerable improve-
ment has been achieved by antenna3 in comparison with
antenna1.
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B. MEG (Mean Effective Gain).
When contrasted to an isotropic antenna, the mean

effective gain (MEG) is the ratio of accepted mean power
to average incident power by the radiating element of
MIMO. The following equations were used to calculate
MEG [27]:

MEGi= 0.5 [1−
N

∑
j=1

∣∣Sij
∣∣2] < −3dB, (7)∣∣MEGi−MEGj

∣∣ < 3dB. (8)
MEG1 and MEG2 can be written as,

MEG1= 0.5
[
1−|S11|2−|S12|2

]
, (9)

MEG2= 0.5
[
1−|S21|2−|S22|2

]
. (10)

As can be seen from Figure 12, the MEG is under
–3 dB.
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III. DIVERSITY PERFORMANCE 

Fig. 9. Simulated radiation patterns of the MIMO
antenna3 at frequencies of 2.45 GHz, 5.25 GHz, and
5.775 GHz for the; (a) XZ plane, (b) YZ plane, and (c)
XY plane.

Fig. 10. Simulated gain and efficiency of proposed
MIMO antenna3.



1575 ACES JOURNAL, Vol. 36, No. 12, December 2021

Table 2: Comparison of the performance of the proposed MIMO antenna with some published work
Ref. f0

(GHz)
Edge to

edge
spacing
(mm)

Overall antenna
dimensions &
volume (mm)

Isolation
(dB)

Gain
(dBi)

Radiation
efficiency

[%]

ECC

[2] 5.7 4 26×26×0.8 = 540 15.4 1.6 NA 0.01
[3] 8.97 1 34×22 ×1.5 =

1122
43 4.5 86.96 0.018

[5] 2.44 8.4 38.2×95.94 ×1.6.
= 5863

24 4.68 54.99 0.008

[9] 2.45,
5.5

17.9 50×30×1.59 =
2385

24, 27 0.26, 3.1 32.9, 63.8 0.027, 0.005

[12] 2.45,
5.25

9 100×55×1.5 =
8250

30, 35 68, 74 0.0003, 0.0001

[16] 2.45,
5.5

4.8 20×34×1.6 =
1088

21,25 2.75–4.19 >70% <0.004

[17] 2.4, 5 18 60×7.5×4.5 =
2025

16, 23 3.6, 4.1
5–6

70
67–78%

NA

[18] 2.42 18 120×60 ×1.52 =
10944

60 6.95 90 0.0093

[19] 16.05 6 15×30×1.57 =
7065

23.92 7.28 80.4 0.00016

[23] 2.78,
4.12

7 75×60×1.6 =
7200

22, 40 N.A N.A N.A

[24] 2.55 15.29 ≈57×47 ×9.6 =
25718

31 N.A N.A N.A

This
work

2.45,
5.25

6.8 25.5×41 ×1.5 =
1568.25

36.8, 60.37 1.9,
3.26

82.22,
79.78

1.9 × 10−5,
8.58 × 10−7

Fig. 11. The calculated envelope correlation coefficient
of the proposed MIMO antenna.

C. TARC (Total Active Reflection Coefficient)
The total active reflection coefficient (TARC)

denotes the significance of non-variance of the resonance
frequency and IBW (Impedance Bandwidth) even when
the phase of the input signals, for example, θ , varies with
regard to the other antenna elements [27]. The following
formulae can be used to calculate it.

Fig. 12. The calculated mean effective gain of antenna3.

TARC =

√∣∣S11+S12ejθ
∣∣2+∣∣S21+S22ejθ

∣∣2
√

2
. (11)

In Figure 13, θ is consistently changed by 30o steps,
but the calculated TARC preserves the reflection coeffi-
cient pattern in each case, preserving the resonance char-
acteristic even when the phase of the signal changes.

The comparisons between the proposed antenna and
the previously reported MIMO antennas are listed in
Table2. Compared with [5,9,12,17,18,23,24] the pro-
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Fig. 13. Variation of total active reflection coefficient
with a phase angle of antenna3.

posed MIMO antenna has a smaller edge-to-edge dis-
tance and size. Compared with [2,5,9,16,17,19,23,24]
the proposed MIMO antenna shows higher isolation and
efficiency. It is clear that the proposed design provides a
low correlation coefficient as compared to those achieved
by the other listed works.

IV. CONCLUSIONS
A proposed design of a multi-input multi-output

(MIMO) antenna system for wireless devices operating
at WLAN (2.45, and 5.25 GHz) bands has been demon-
strated in this paper. Each of the two antennas has
the shape of two-folded monopoles that cover the 2.45
GHz, and the 5.25–5.775 GHz bands. A new decoupling
mechanism in the form of two L-shaped slots and a U-
shaped slot is investigated. Three slots on the substrate
are inserted between the radiating patches of the MIMO
antenna to provide a further reduction in the mutual cou-
pling. The MIMO elements were placed at a small dis-
tance of 0.055λ0 (edge to edge). The mutual coupling at
the 2.45, 5.2, and 5.775 GHz bands was suppressed to
–36.86 dB, –60.3, and –20.61 dB, respectively. The sim-
ulated antenna gain is equal to 1.96 dB and the efficiency
is 85.85% within the WLAN 2.45 GHz band while the
gain is 3.3 dB and the efficiency is 78.16% within the
WLAN 5.25 GHz band. The proposed MIMO antenna
provides compact size, simple structure, high isolation,
and low ECC.
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